Abstract.-Relaxation phenocena attributable to tne i n t r i n s i c p r~p e r t i e s of ciislocations are revieved. The principal theoretical rodels For the i n t r i n s i c c;islocations relaxations and the Snoek-KiSster relaxation are presented in outline. %cent important experinental results, zainly on f
v = vR exp (-2 l J d k T ) (I 1 ------------------------------
where 2Wk = f o r n a t i o n ener- 
Consequently, t h e occupation p r o b a b i l i t y o f ( c ) i s very
s n a l l and no r e l a x a t i o n peak wi 11 be observed. The r e 1 axat i o n s t r e n g t h o n l y becomes ob- overcoxing a P e i e r l s b a r r i e r by c r e a t i o n o f a doua r e e n e r g e t i c a l l y equivalent).
b l e -k i n k : f r e e energy o f t h e double-kink as a func- 
) i n i t i a l p o s i t i o n o f t h e l i n e . b) t h e double-kink nrobable when t h e Par6 condii s created. c ) t h e kinks g l i d e along the l i n e . t i o n a a b l = 2kdk

i s f u l f i l l e d . When oa i s weak, t h i s c o n d i t i o n can o n l y be s a t i s f i e d by t h e i n t e rn a l s t r e s s (ai).
This theory accounts f o r the p r i f i a r y c h a r a c t e r i s t i c s o f the BR (2) b u t f a i l s t o e x p l a i n t h e e x t e n t o f peak broadening, t h e v a r i a t i o n o f peak temperature
(TFV,) w i t h microstruc'cural s t a t e and non-1 i near e f f e c t s ( s t r a i n anpl i tude dependence and e f f e c t s o f b i a s s t r e s s ) . 3y i n c l u d i n g k i n k n i g r a t i o n , Engelke (7) has shown t h a t some o f these secondary features can be explained. However, Esnouf and Fantozzi (3,;) have proposed a new approach t o the c a l c u l a t i o n o f I F caused by DKG. The energy diagram o f a segment l y i n g i n a P e i e r l s v a l l e y i s determined as a f u n c t
i o n o f i t s p o s i t i o n For d i f f e r e n t values o f a and R ( f i g . 2). The a c t i v a t i o n volume
(vc) and energy (Ec) f o r double-kink n u c l e a t i o n depend o n l y on o :
vm a = const. C n -3 / 4 m = 4
K i n e t i c theory i s used t o c a l c u l a t e t h e d i s l o c a t i o n n o t i o n . The v a r i a t i o n o f t h e f r a c t i o n (nil o f d i s l o c a t i o n s l y i n g i n "Lie i -t h v a l l e y i s given by :
where the jump frequency from v a l l e y i t o iil i s ri ,i+l = vR exp (-Ei ,i+l/kT) and Ei ,i+l e t c are as s p e c i f i e d i n 
: P o t e n t i a l Energy o f t h e d i s l o c aabove system, f o r an o s c i l l a t i n g apt i o n segment as a f u n c t i o n o f t h e number p l i e d stress, allows c a l c u l a t i o n o f o f double-kinks. t h e area swept-out by t h e d i s l o c a t i o n and hence t h e I F . A l l o f t h e character i s t i c s o f t h e 3R are explained by t h i s model, w i t h o u t t a k i n s i n t o account k i n k m i g r a t i o n . By o b t a i n i n g an effective d i s l o c a t i o n m o b i l i t y f o r 3x6, Schl i p f and
Schindlmayr ( 9 ) have obtained s i n i l a r r e s u l t s .
2.1.1 Peak height.-For a population o f equal segments,when the Pare condit i o n i s f u l f i l l e d , t h e i n t e n s i t y o f t h e "o v a r i e s as i n w i t h n = 1 f o r s h o r t segments and n 2 f o r l o n g segr,~ents. For d i s t r i b u t i o n s o f R and oi, t h e peak h e i g h t v a r i e s as R2 f o r s h o r t serjments. !*en t h e Pare c o n d i t i o n i s i I O t s a t i s f i e d , t h e v a r i a t i o n o f peak h e i g h t i s very pronounced. The exponent 2 shows t h a t t h e area swept-out by t h e segaent i s c o n t r o l l e d by t h e l i n e tension (EL). I n a d d i t i o n , the r e l a x a t i o n s t r e n g t h decreases wit11 v i b r a t i o n frequency. These r e s u l t s show t h a t t h e v a r i a t i o n o f t h e pre-exponent i a l f a c t o r (yo) o f the r e l ax a t i o n time w i t h R i s given by : T~ % Rp (0 < p < 2).
o
The a c t i v a t i o n energy i s near
Ec (oil. Fig.3 : V a r i a t i o n w i t h mean d e v i a t i o n i n i n t e r n a l s t r e s s f o r d i f f e r e n t mean nornalized lengths Lb (LA = L/a) : C5-6 JOURNAL DE PHYSIQUE a) of the relative peak height b) of the peak temperature Ti! (8).
2.1.3 Broadening .?actcr .-Distribution of To and/cr the activation energy cause peak broadening. I t can be up to four tines -the factor for a ijebye peak. Furthermore, the high temperature part of the peak (aue to the longest segments) i s more developed than the rest of the peak.
2.1.4
Nan-1 inear effects .-The model predicts iaportant non-1 inear effects.
' !hen ai i s too snall to satisfy 'the Pare condition, the peak can s t i l l develop and pass througli a maximun as the applied stress (oscillating or s t a t i c bias) increases ( fig. 4 ) . ?!oreover, the peak shifts t o lower teinperature and broadens with increasing a,. Sieilarly, the relaxation strength presents a maximm as a function 01' ai (Fig. 3) . The increase in peak height i s due to the Farkondi t i on, the decrease resul t s fro^: the reduction of swept-out area when the nunber of double-kinks increases. 2.2 The GIG1 ;i.lr:odel.-Geometrical kinks moving a l o n~ close-paeked directions can be ther~lal 1 y activated over .the second order Peierl s barriers giving rise to 
stress csuses GI3 ((- Fig. 5) given by : frec;uenc:l, W = l:ir,!< -;ic;ratisn enercy M and nk t h e nurlber o f geometrical k i n k s per u n i t length.
S o l u t i o n o f t h e above equation y i e l d s t h e relaxa.:ion s t r e n g t h ( A ) and tiix
( T ) o f t h e I F peak :
, ,
1-1 i s -the shear codulus and A t h e dislocaLion density. The RL dependence o i i s due t o bc'iiaviour analogous t o a stretched s t r i n g behaviour (3).
The GK4 show t h a t aSK becomes dependent on Gd (below s a t u r a t i o n ) and t h a t ?i s#= 2H +H .
Other m o d i f i c a t i o n s have been reported. For exaaple, Miner e t a l . (14) have shown t h a t when t h e occupation p r o b a b i l i t i e s o f t h e p i n n i n g s i t e s are more c o r r e c t l y t r e a t e d by Ferrni-Oirac s t a t i s t i c s , tiSK can take on values between H~ + H~ and 2 H~ t H"" . Fror,~ many comparisons o f the p r e d i c t i o n s o f Schoeck's codel w i t h experiment, t h e r e i s l i t t l e donbt t h a t several aspects o f the nodel are c o r r e c t .
Seeger (4) abbributes S-K ( X ) t o DKG i n the presence o f core n o b i l e X i n t e r s t i t i a l s ( f i z . 6b). I n t h i s model, w i t h t h e exception o f t h e numerical const a n t s , equ. 17 1 i s unchanged, w h i l e the r e l a x a t i c n enthalpy becomes :
where 2 tik i s t h e formation enthalpy o f a k i n k p a i r . E i r t h (5) 
Important Experimental Results.-Our task i n t h i s s e c t i o n i s t o examine the important experimental r e s u l t s on the i n t r i n s i c r e l a x a t i o n s o f d i s l o c a t i o n s i n met a l s and t o t r y t o i n t e r p r e t them w i t h the inodels o u t l i n e d i n section 2. Results published up t o t h e time o f the Manchester conference (1579) have been reviewed
r e c e n t l y ( 3 ) , so we w i l l concentrate mainly on more recent r e s u l t s .
3.1 F.C.C. and H.C.P. metals.-The ER i n these metals i s u s u a l l y conposed o f two I F peaks : 6, ( t h e W i b l e t t and Wilks peak) and Bz ( t h e Bordoni peak . I n metals o f o r d i n a r y p u r i t y the BR i s n o t observed i n annealed specimens and o n l y appears a f t e r p l a s t i c deformation. I n u l t r a h i g h p u r i t y (UHP) samples, t h e BR i s always observed, even a f t e r r e c r y s t a l l i z a t i o n , b u t depends s t r o n g l y on the a p p l i e d 1, unannealed; 2, annealed a t C70K; 3, a t 550K (15).
Deak height.-The peak h e i g h t v a r i e s w i t h i m p u r i t y content, conditions of p l a s t i c deformation, annealing and i r r a d i a t i o n . This v a r i a t i o n i s l i n k e d t o t h e
e v o l u t i o n o f R and i s o f the form gr w i t h 1 6 r & 2.
3.1.2
Peak tenperaSture.-The peak teraperature v a r i e s s l i g h t l y w i t h the mic r o s t r u c t u r a l s t a t e and i s caused e s s e n t i a l l y by a dependence o f T on R ( c k S w i t h s l y i n g between 1 and 4) (3, 17) . This v a r i a t i o n explains the l a r g e d i s p e r s i o n o f the data i n ,Arrhenius p l o t s .
3.1.5
Broadening f a c t o r . -The peaks are g e n e r a l l y tvo t o four times broader tnan a Jebye peak, i . e .
-r i s d i s t r i b u t e d . They a r e broader f o r small amounts o f p l a s t i c defor;!ation,witl~ t h e increase i n w i d t h ?ore pronounced on t h e h i g h tenpera-
t u r e s s i l e s . I n contrast, annealing decreases the \:id",~s by r e d u c i n~ t h e h i y h temperature sides p r e f e r e n t i a l l y . This asyrr7etry i n the reLuction O F tile w i d t h i s shown by the d i f f e r e n c e s i n the I F curves f o r s l i g h t l y deformed A1 i n f i g . 9
( 18) - 3.1.4 Non-Linear E f f e c t s . -When oi i s s i g n i f i c a n t ( a f t e r 1ar:e p l a s t i c defamation), oa has l i t t l e e f f e c t ( f i~. 1,;). However, f o r weak oi A a-lx lo" I l a I F i g . 10. : I n t e r n a l f r i c t i o n i n gold colci-worked 7 Z a t 23°C : a) a f t e r defornation, b) a f t e r annealing 60 n i n a t 35C°C. O s c i l l a t i n c s t r a i n amplitude : (1) c m = 4 x 1 0 -~, (2) I~X~C -" ( 3 ) 5~1 3 -~' ( 4 ) ~x I o -~. c ) I n t e r n a l f r i c t i o n i n gold cold-worked 62 % and a n n e a l e~ 60 min a t 1GS0C.
( 1 ) = ?x~;-7, (2) 1 . 5~1 0 -,
important non-linear e f f e c t s are observed ( F i g . I C ) . : the r e l a x a t i o n s t r e n g t h depends s t r o n g l y on % ( p e r i o d i c o r s t a t i c ) . S i r i l a r r e s u l t s have been observed by many authors ( 3 ) . The BR i n t e n s i t y increases considerably w i t h the vibra" ~1 0 n anp l i t u d e o r s t a t i c stress. Moreover, t h e rezoval o f t h e BR d u r i n g recovery o r r ec r y s t a l l i z a t i o n i s caused by a decrease o-f oi. I n soae cases, the peak h e i g h t pas+ ses through a naxir~um as a f u n c t i o n o f the s t r a i n amplitude. I n MQ, siynii'icant nonl i n e a r e f f e c t s are observed a f t e r p l a s t i c deformation when o n l y one s l i p system i s a c t i v a t e d (20). As shown i n f i~. 11, t h e peak heights o f both B1 and S2 pass through a maxieurfi as t h e superimposed b i a s s t r e s s i s increased. 3.1.5 Lgw T e~p e r a t u r e Modulus Defect.-I n both f .c.cBs and h.c.pls, t h e r e i s a modulus d e f e c t a t ter3peratures lower than t h e 6R. Consequently, SZ?, on a t l e a s t one o f the d i s l o c a t i o n types, must be reserved t o e x p l a i n t h i s phenonenon.
D i s l o c a t i o n types.-Seeger (2) proposed t h a t non-screw d i s l o c a t i o n
segments ( 1 ' s ) give r i s e t o B1 and screws ( 0 ' s ) g i v e r i s e t o B2, since t h e P e i e r l s energy f o r 0 ' s i s Iiiglier than t h a t f o r 1 ' s . This i s supported by observations t h a t Bl i s qore s e n s i t i v e t o p i n n i n g by p o i n t defects than B2. However, (23) proposed that Y was caused by dissociated forns of the sane dislocations responsible f o r X. The Thonipon and Holmes hypothesis i s more plausible and does not necessitate the assunption of an increase in dissociation with plastic deforsation. Nevertheless, the rdle of stacking f a u l t energy in the BX remains t o be elucidated. In Wg, has shown t h a t results lead t o a conclusion in keeping with Thonpson and Holmes hypothesis also.
3.1.7 Comment.-Although the BR has been observed in several h.c.pls, only i n UKP Mg (26) have 31 and B2 peaks w i t h properties conparable t o those in the f . c . c ' s been reported. W e conclude t h a t f . c . c l s and h.c.p's behave similarly ( 3 ) . Iievertheless, further studies on other UHP h.c.pls will be necessary t o confiri3 t h i s point.
3.1.8 Interpretation.
-Only the DKG model accounts for a l l of the experiment a l characteristics of the 32 as can be seen fron a direct conparison of sections 2.1.1. t o 2.1.<.. w i t h sections 3.1.1. to 3.1.4. Nevertheless, the value of a ob-4 P tained fror?, the relaxation enthalpy of the BR -10-p) i s considerably great e r than t h a t predicted from plastic behaviour and so, the DXG node1 f o r the ER i s s t i l l contested (3,17). Two relatively new types of experirient also support the CXU model. F i r s t l y , neasurexents of ultrasonic attenuation a t very low temperatures de:.ionstrate GKFl (24) : the attenuation decreases as the bias s t r e s s increases ( f i g . 12). This "stiffening" phenonenon i s due t o the pile-up of geometrical kinks in response t o the bias . results were reported recently (26) b u t remain t o be confir~ied. Secondly, a thermal l : f activated microdefor~iation stage (3,27) associated with the 9k has been observed in A1 , Au and Mg ( f i g . 13) tosether with a variation in the anelastic limit (27) . A quantitative analysis of these results yields an activation energy of % 0.1 eV and a voluae of %1OC b3 entirely in keeping with the DKG model (27).
In conclusion, the experisjental results strongly support the existence of a Peierls-Nabarro s t r e s s in the f.c.c and h.c.p metal of t o p. a low temperature peak associated with DKG (L) and a peak a t a much higher tercperature associated with DkS ( 0 ) . Moreover, geometrical kinks on 0 ' s are expected t o be rather abrupt (effectively high second order Peierls barriers (33)) so that GKF4
(0) should f a l l i n t c a tenperature range close t o that f o r DKG (I). As in the case of the .F.c.cls, GR4 (I) i s expected t o occur a t very low temperatures (< 4 K)
and manifest i t s e l f as a modulus defect a t the lowest temperatures investigated. These expectations seem t o be realized i n Ho, fJ and a-Fe as typified by the IFS of a deformed single crystal of M o (31,32) in f i g . 14. In contrast, in V , Nb and Ta (also a-Fe + H) the IFS i s characterithe i n t r i n s i c disloca- Most of the differences between the f.c.cls and b.c.ci s can be traced to the strong interactions between residual 11's (H, N , 0 or C atoms) with the dislocations in b.c.c1s. In f a c t , these interactions can lead t o diametrically opposed changes i n properties, e.g. (34)). The presence of trace amounts of H in deformed V, Nb and Ta samples has led t o a controversy over the interpretation of the IFS i n these metals which has been resolved recently.
i c s t r a i n i n torsion a t 295K (33). softening through t h e i r interactions with 0 ' s (see review by Pink and Arsenault
A Controversy
Resolved.-The IFS of deformed V , Nb or Ta i s generall y characterized by a group of relaxations in the range 120-200K (e-g. f i g . 15) labelled or by most workers (35,36). However, a peak labelled 6, a t even lower temperatures, i s observed i n some samples (35,37). As suggested by Bruner (38), the Rome school (35, 37) . has argued that a requires the presence of both H and dislocations and t h a t S can be attributed t o i n t r i n s i c dislocation processes. This interpretation was contested by the Stuttgart School who studied samples with considerably lower I1 concentrations and observed neither 6 nor any indication of dislocation movement below a, leading them t o a t t r i b u t e a t o i n t r i n s i c dislocation processes. Nevertheless, over the l a s t few years, evidence that a involved H began t o accumulate : notably from Shibata e t a l . (39) and Mizubayashi e t a l . (40) for V, Ferron e t a l . (41), Kuramochi e t a l . (42) and Verdini and Bacci (43) f o r Nb and Rodrian (33) f o r Ta. Yet, no explanation f o r the absence of 6 in samples with lower I1 (particularly 0) contents was offered. More recently, work on UHP Nb (31, 44, 45) has demonstrated t h a t a involves H and that the major component can be attributed t o an S-K(H) relaxation (43). In the highest purity samples (CH << 1 a t . p.p.m, Co < 5 a t . p.p.m), the work a t Stuttgart (31, 44, 45) has shown that another peak appears below a(% 70 K as shown i n f i g . 16). B u t , i n order t o completely s e t t l e the controversy, i t i s necessary t o show t h a t the 70 K peak i s equivalent t o 6. In an attempt t o do t h i s , Maul (45) repeated measurement on sam- i i ) the r e l a x a t i o n parameters of 6 a r e more c o n s i s t e n t w i t h GKM ( 0 ) than DKG (1) ( s e c t i o n 3.2.4); i i i ) r e s u l t s on thoroughly outgassed V (40) appear t o e x h i b i t both ~5 -1 6 peaks i n t h e same spectrum, w h i l e t h e higher temperature peak i s absent i n samples ( 5 ) ) , since t h e values o f H~ current l y advocated by various reviewers l i e i n t h e range 0.042 t o 0.069 eV (53,54), no combination o f t h e data seems t o be c o n s i s t e n t w i t h e i t h e r t h e Schoeck model, eqn. W e propose t h a t the l a b e l l i n g should be m o d i f i e d i n t h e manner shown i n t a b l e 1 t o r e t a i n as much o f the t r a d i t i o n n a l c l a s s i f i c a t i o n scheme (3) as possible, y e t t o r e f l e c t the mechanisms involved, r a t h e r than simply the temperature ranges i n which the peaks occur.
181, o r the Seeger o r H i r t h models, eqn. 191, unless t h e lower bound o f HSK (found i n a s e r i e s o f magnetic a f t e r -e f f e c t studies o n l y ) i s compared w i t h t h e upper bound o f 2 Hk (I) + HM' as pointed o u t by KC e t a l . (49). W e suggest t h a t t h i s very unsat i s f a c t o r y s i t u a t i o n a r i s e s because 2 Hk (I) i s e f f e c t i v e l y increased i n t h e presence o f H. This i s c o n s i s t e n t w i t h t h e viewpoint expressed by H i r t h (5) who a t t r ibutes t h e S-K (H) i n Fe t o a combination
3.2.4
Other Recent Experimental Results.-From f i g . 14, i t i s c l e a r t h a t i n UHP deformed b.c.c's the IFS c o n s i s t s o f a low temperature group o f peaks and a h i g h temperature peak. The low temperature group i s g e n e r a l l y a t t r i b u t e d t o one o r both o f t h e a l ( 0 ) and a processes; t h e high temperautre peak i s a t t r i b uted t o t h e y process. I n the following, we r e f e r t o them p i m p l y as al/a and y r e s p e c t i v e l y . Evidence f o r the presence o f a t l e a s t two d i s c r e t e r e l a x a t i o n s i n a ' l a c o n s i s t s o f the marked asymmetry o r shoulder which appears on the low temper a t u r e side o f t h e peak and a corresponding step i n the modulus curve. i .e. the o l d 6 peaks, seems t o be c o n s i s t e n t w i t h GKM (0); w h i l e t h e second s e t seems t o be more c o n s i s t e n t w i t h DKG (I). I t w i l l be i n t e r e s t i n g t o see how the r e l a x a t i o n parameters o f t h e r e c e n t l y discovered 70 K peak i n Nb and t h e 57 i n V compare w i t h those o f the o l d 6 peaks. Relaxation parameters so f a r obtained f o r t h e y peaks i n Nb (56), Ta (33), 57, 58) a r e a l l e n t i r e l y c o n s i s t e n t w i t h DKG ( 0 ) . The y peak narrowness and i n s t a b i l i t y i s taken i n t o account by a model proposed by AstiC (58). I n t h i s model. t h e O's move by thermal a c t i v a t i o n i n t h e i n t e r n a l s t r e s s -Studies of the amount and temperatur e of plastic deformation on the a ' / a and y peaks, particularly i n M o (32,59), W (77) and a-Fe (58, 60) indicate t h a t a major component of a ' l a i s due t o 1 ' s and t h a t y i s due t o 0's. In a-Fe the e n t i r e a ' / a complex i s attributed t o DKG (1) (60), which suggests t h a t the apparent structure of a ' l a i s due t o the presence of several types of t s with nearly equal mobilities. c ) Effects of Impurities.-In a-Fe, the interaction of 11's (other than H) w i t h 1 ' s gives r i s e t o 6, (60,61). Similar peaks are expected i n the other b.c.cls but i n V , Nb and Ta they are probably inhibited by the interactions of 0 (or N) w i t h residual H, or masked by the S-K (H) relaxation. Extra interaction peaks a r e observed i n the results of Rieu (59) on single crystals of M o and W. Of these, the peak labelled B2 by the author i s attributed t o the interaction of dislocations w i t h unspecified impurities. In Nb (62) and Ta ( fig. 15) , the two components yl and y2 that are candidates f o r DKG ( 8 ) behave differently i n the presence of 11's. I t has been reported that in Nb yl requires the presence of 0 (62), whereas in Ta, y2 requires the presence of 0 (33). In Fe, By (60, 61) seems t o require the presence of C (or N). I t i s probable, that in a l l the b.c.cls of sufficiently high purity y i s a symmetric single peak (see f i g . 14 f o r Mo). In substitutionnal Fe alloys, Asti& (58) has observed two peaks called yI and y I I ( fig. 18 ) : yI appears around 230 K and yII a t about 320 K. For dilute alloys, yI and yII appear together whereas for concentrated alloys only yI appears. The behaviour of these two peaks i s quite similar t o the y peak in pure iron. cleaned of t h e i r i n t r i n s i c point defects and a1/a reap- Fig. 19 : Evolution of the internal f r i c t i o n specpears. By following changes trum of deformed and electron irradiated (20 K) in the relaxation intensity a-Fe during successive anneals (60,61).
and peak temperature of a ' / a and B1 during anneal i ng , stages similar t o those observed in the recovery of r e s i s t i v i t y can be observed, allowing the IFS t o be used as a sensitive tool in the study of radiation damage.
In Nb and Ta, i t i s apparent that the interaction of traces of H with vacancies leads t o further complications (33,45).
Effects of irradiation on y have not been studied in any d e t a i l . A second interaction peak, By, i s observed a t temperatures j u s t below y i n a-Fe (46). I t i s attributed t o the dragging of a self-interstitial-type defect by geometrical kinks on 0 ' s . e ) Low Temperature Modulus Defect.-Changes i n the dynamic e l a s t i c moduli a t very low temperatures have been reported in V (< 6K) (401,Nb (< 15K) (45), Ta (< 209 (33) and a-Fe (< 4K) (60). These results are generally attributed t o a 1 ( 1 ) ( i .e. GKM(1) )..However, i n Fe there i s some evidence that GKMaO) may be involved as well (60). ( a ) (b) ( c ) (see f i g . 21) and y Although no one b.c.c. has been studied t o the e x t e n t t h a t a l l the primary and secondary c h a r a c t e r i s t i c s o f the BR (3) have been confirmed f o r both a l / a and y; each o f t h e c h a r a c t e r i s t i c s i s exhibited by one o r more o f the b.c.c. metals taken as a group. Now, there can be 1 i t t l e donbt t h a t a ' / a and y taken together contain the analogue o f t h e BR i n the f.c.cls.
